Vibrio cholerae, causative agent of epidemic cholera, has been isolated from a variety of clinical and environmental samples (1-6, 9, 10, 16, 22, 23). The majority of V. cholerae strains isolated from the environment are non-01 serovars (16, 23), although 01 serovars have also been observed in areas where limited outbreaks of cholera have occurred (2).
Vibrio cholerae, causative agent of epidemic cholera, has been isolated from a variety of clinical and environmental samples (1-6, 9, 10, 16, 22, 23) . The majority of V. cholerae strains isolated from the environment are non-01 serovars (16, 23) , although 01 serovars have also been observed in areas where limited outbreaks of cholera have occurred (2) .
The patchy distribution of serovars of V. cholerae in coastal and estuarine waters is unrelated to sewage contamination or to the presence of wastes that can serve as potential vehicles of entry into the environment (16) . To account for the apparently sporadic distribution of V. cholerae in aquatic environments as well as the repeated occurrence of this organism in regions with no reported outbreaks of cholera, Colwell et al. (6) hypothesized that V. cholerae is a member of the autochthonous, i.e., naturally occurring, microbial flora of brackish water and estuaries. Many of the results of studies of the occurrence of V. cholerae in aquatic environments, as well as sporadic outbreaks of cholera in localities without an apparent source of the organism, can be explained by the autochthonous nature of V. cholerae in brackish water and estuarine environments.
Although the organism is known to occur in diverse aquatic systems, the influence of envi-§ Present address: Biology Department, National University, Kuala Lumpur 22-12, Malaysia.
ronmental parameters on growth of V. cholerae has not been examined under controlled conditions. Salinity and nutrient concentrations have been reported to influence the growth and viability of V. cholerae, and results of such studies may, in part, explain the apparently selective distribution of V. cholerae in estuarine systems (5, 16) . However, effects of environmental parameters other than salinity and nutrient concentration have not been considered in detail.
Evaluating the influence of selected environmental parameters on a bacterial population is difficult because of the spatial and temporal heterogeneity of such populations in situ and the constantly changing conditions of the environment, especially in tidal estuaries. Thus, it is difficult to interpret results obtained from in situ studies designed to evaluate the influence of one or more environmental parameters on a given bacterial species. Application of laboratory mi The objective of this study was to evaluate the effects of selected environmental parameters on activity and growth of populations of V. cholerae in aquatic microcosms so that the role of this species in aquatic environments can be evaluated.
MATERIALS AND METHODS Microcosm preparation. Microcosms, each of which consisted of 50 ml of a chemically defined sea salt solution (27) brought to appropriate salinity and contained in an acid-cleaned, 125-ml Erlenmeyer flask, were inoculated with washed cell suspensions of strains of V. cholerae. All microcosms were incubated for appropriate intervals at designated temperatures with constant agitation by rotary shakers (125 rpm).
Inoculum preparation. Strains of V. cholerae were incubated for 18 h at 30°C in tryptic soy broth (Difco Laboratories, Detroit, Mich.). Cells were collected by centrifugation and washed five times with a sterile 0.85% (wt/vol) NaCI solution. After the final washing, a stock suspension was prepared in sterile 0.85% NaCl. Washed suspensions of test strains were used as inocula at an initial cell concentration of 4 x 102/ml. Cells used in experiments designed to establish specific ion requirements for growth were washed and diluted in basal salt solution prepared without NaCI. After stock suspensions were prepared, the cell concentration was determined by acridine orange direct count (AODC) (7, 11, 14) , appropriate dilutions were prepared in 0.85% NaCl or sea salt solution (27) , and microcosms were inoculated.
Bacterial strains and culture conditions. We used 10 strains of V. cholerae obtained from the stock culture collection at the University of Maryland, College Park. Fresh cultures on tryptic soy agar (Difco) slants were prepared, as needed, from stock cultures maintained under liquid nitrogen.
Bacterial enumeration. Samples were collected aseptically with sterile 1-mI pipettes, and total viable i.e., culturable, bacteria were enumerated by spread plating onto tryptic soy agar. Samples for viable counts were diluted in sea salt solution prepared to the same salinity as those of the microcosms being sampled. All culture plates were incubated for 7 days at 25°C before colony-forming units were counted. We established a statistically designed sampling regime based on a preliminary component of variance analysis (18) to estimate accurately the mean number of culturable bacteria. For the experiments reported here, a design consisting of three microcosms per treatment, one sample per microcosm, and three culture plates per sample was used. For total bacterial counts, 1-ml samples were collected aseptically, and counts were obtained by AODC and epifluorescence microscopy (7, 11, 14) .
Heterotrophic activities. The heterotrophic activities of V. cholerae populations in microcosms were measured by the method of Hobbie and Crawford (13 After the second incubation period, filter wicks were placed into scintillation vials, and each suspension was filtered through a 0.2-pum membrane filter (type GA-8; Gelman Sciences, Inc., Ann Arbor, Mich.) and rinsed with 10 ml of sterile sea salt solution. After air drying, the membrane filters were placed into scintillation vials. Scintillation cocktail (10 ml; Aqueous Counting Scintillant; Amersham) was added to each vial, and radioactive counts were made with a model LS-3155T liquid scintillation spectrophotometer (Beckman Instruments, Inc., Fullerton, Calif.). Uptake and incorporation of the amino acid mixture (micrograms liter-1 hour-') were calculated by the procedure of Hobbie and Crawford (13) .
Ion requirements. To determine the effect of various concentrations of NaCl on the growth and viability of V. cholerae, we prepared selected microcosms with a salt solution containing the following (grams liter-'): MgSO4 * 6H20, 2.86; KBr, 0.07; H3BO3, 0.019; MgCl2 * 6H20, 7.74; CaC12, 0.82; SrC12, 0.017; K2CO3, 0.05; and selected concentrations of NaCl. To ensure that the electrolyte solutions were precisely defined, we used reagents of the highest possible grade and purity whenever possible.
To minimize any change in total salinity, we conserved Cl-and monovalent cation concentrations by substitution of molar equivalents of KCl or LiCi for NaCl as the amount of NaCl was decreased. Microcosms prepared in this way also enabled determination of the extent to which the Na+ requirement, if there was one, could be satisfied by K+ or Li' (12, (19) (20) (21) Table 1 ).
Since the populations of all strains tested developed to approximately the same size in the microcosms, and since corroborative data had been obtained for strain LA-4808 in previous studies (27) , strain LA-4808 was selected as a representative strain, and data for this organism are provided in this report. Similar results were obtained for the other strains examined.
Effects of salinity and incubation temperature on V. chokrae. Microcosms with salinities of 5, 15, 25, and 35"/oo were prepared and incubated at 10, 15, 20, and 25°C. When the microcosms were inoculated with 4 x 102 cells per ml and incubated at 10°C, culturable colony counts declined for all salinities tested (Fig. 1 ). Changes in total direct cell counts could not be determined, since the number of cells comprising the inoculum was below the practical limit required in the AODC technique. However, in all microcosms examined, culturable V. cholerae cells were present throughout the 8-day test period, indicating extended survival at 10°C.
An incubation temperature of 15°C yielded similar results, except for microcosms with a salinity of 150/,,, in which both culturable and total cell counts increased ( Fig. 2) . At salinities of 5 and 350/o, the counts decreased. However, at 250/oo salinity, the culturable counts gradually increased throughout the experiment after day 2 of incubation. In microcosms with 150/00 salinity which were incubated at 15°C, the total cell counts paralleled the culturable counts after day 2 of incubation, when the cell concentration became sufficiently high to be monitored accurately by direct counting (Fig. 2) .
Growth of V. cholerae incubated at 20°C was influenced by salinity, as indicated by the change in total and culturable cell counts (Fig.  3 ). In microcosms with salinities of 5, 25, and 350/00, culturable colony counts deviated little from the inoculation size 2 days after inoculation. However, V. cholerae in microcosms with 15°Ioo salinity increased by approximately 2.5 log10 cycles. By day 4, populations of V. cholerae in all salinities demonstrated a significant increase (P s 0.05) over the original inoculum size (27) . Maximum culturable populations were detected in 250/oo salinity microcosms, although these were not consistently significantly larger microcosms. The smallest numbers of culturable V. cholerae were present in 50/00 salinity microcosms. Total cell populations (determined by AODC) developed according to the same pattern as that of the culturable populations (Fig. 3) . Not only were total and culturable population development patterns parallel in the presence of different salinities, but so were population sizes, with 250/.0 salinity microcosms containing the maximum populations and 50/00 salinity microcosms containing the minimum populations.
Results obtained for microcosms incubated at 25°C were similar to those obtained for microcosms incubated at 20°C, although no detectable lag in development of V. cholerae populations at any of the salinities tested was noted (Fig. 4) . Both AODCs and culturable counts increased to maximum by day 4. During the last 4 days of testing, total cell counts were stable at all salinities tested, whereas only the culturable counts remained constant at 15 and 250/on salinities. Culturable colony counts in microcosms of 5 and 350/Oo salinities decreased by at least 0.5 log10 cycle during the last 4 days of testing.
Heterotrophic activity. After the final sampling of microcosms for enumeration in the aforementioned studies, samples were collected to determine heterotrophic uptake of 14C-amino acids by V. cholerae populations incubated at differ- Although uptake rates per total cell number for populations in 15, 25, and 250/oo salinities were between 1.13 x 10-7 and 1.71 x 10-7 pLg liter-' h-1 the 5O1,o, salinity microcosms yielded an uptake approximately 25 times greater, which was also the case for uptake per culturable cell.
Prolonged survival of V. cholerae. After incubation of 50/00 salinity microcosms for 8 days at 10°C, no culturable cells were detected before or after an additional incubation period of 4 days at 25°C (Table 3 ). In microcosms of 25O/oo salinity, however, culturable cells were detected up to 42 days after incubation at 10°C. After an additional incubation period at 25°C, populations of V. cholerae developed to a population size typical for the conditions used (Table 3 ). V. cholerae survived, i.e., remained viable, although at lessthan-detectable numbers, after extended incubation (42 days, the maximum period tested) at 10°C in microcosms of 250/oo salinity. Ionic requirements of V. cholerae. To determine whether the effects of salinity on stability and survival of V. cholerae were due, in part, to a requirement for a specific ion(s), we prepared a series of microcosms, using selected concentrations of NaCl or MgC92, the major salts in seawater, in the sea salt solution (27) culturable cell counts followed the same pattern, with maximum populations occurring in control microcosms and minimum populations at lower and higher NaCl concentrations (Fig. 6 ). When no NaCl was added, a large difference (ca. 3 log10) between total and culturable cell counts was detected.
Uptake of 14C-amino acids by V. cholerae showed that heterotrophic activity was also affected in microcosms with different concentrations of NaCl or MgCl2 (Table 4) . Maximum uptake of the amino acid mixture occurred in the presence of the intermediate, or control, MgCI2 concentration (7.74 g/liter). When the MgCl2 concentration was increased or decreased, uptake decreased. A similar uptake pattern was observed in microcosms adjusted to different NaCl concentrations (Table 4) . Uptake decreased with increasing or decreasing NaCI concentration, compared with uptake at the intermediate concentrations; the lowest uptake values were detected in the presence of the largest or smallest concentrations. 25 Uptake values per total cell number were similar in all microcosms amended with NaCl (Table 4 ). However, it was evident that, as the NaCl concentration increased, the uptake per total cell number decreased. Similar results were, in general, obtained by comparing uptake per culturable cell.
The ratio of the amount of incorporation of amino acid mixture to the amount of respiration was found to be influenced by NaCl and MgCl2 concentrations (Table 4 ). In microcosms prepared with NaCl and MgCl2 concentrations of 17.09 and 7.74 g/liter, respectively, the lowest respiration-to-incorporation ratios were detected. Only in those flasks which received no NaCl was this ratio greater than 1:1.8, indicating the presence of physiologically stressed cells (12) .
Since an effect on the V. cholerae populations was induced by varying the NaCl concentration, an additional series of microcosms prepared with a chemically defined basal salt solution 18 25 Also, to determine whether an Na+ requirement, if there was one, could be satisfied by the presence of another monovalent cation and to minimize change in salinity, we amended the NaCl-basal salt solutions with KCI or LiCl.
After incubation for 4 days at 25°C, population sizes in the microcosms with various NaCl concentrations were compared ( Table 5) . As the NaCl concentration was decreased from 0.30 to 0.10 M and 0.20 M KCI was added, the V. cholerae populations increased, although not significantly (P c 0.5), as determined by the Duncan multiple comparison (24) . As the NaCl concentration was decreased to 0.01 M, the population size also decreased. When no NaCI was added, no V. cholerae could be recovered from any microcosms.
The heterotrophic activity of V. cholerae populations was also affected when NaCI concentrations were varied ( Table 6 ). The maximum uptake of 14C-amino acids (Table 6 ) and the maximum population sizes (Table 5) of Na+, K+, and Li' on the activity of V. cholerae by determining uptake of the "Camino acid mixture by a washed cell suspension ( Table 7 ). The mean uptake of freshly cultured V. cholerae cells was found to increase with decreasing NaCI concentration and increasing LiCl concentration until concentrations of 0.20 M NaCl and 0.10 M LiCl were reached. The lowest uptake rate was observed in systems without added NaCl. Similarly, the highest respiration-to-incorporation ratios were detected in NaCl-deficient systems. When NaCl and KCI were used to amend the basal salt solution, slower uptake rates were obtained (Table 7) . In these systems, amino acid uptake typically decreased with decreasing NaCl concentration. Maximum uptake was obtained at 0.01 M NaCl and 0.29 M KCI. In the (12) .
When V. cholerae was inoculated into culture tubes containing different substrates and different salt concentrations, both the type of substrate and the salt concentration influenced growth of V. cholerae (Table 8) . Culture tubes containing 1% (wt/vol) glucose and 0.05% (wt/ vol) yeast extract were used to demonstrate the influence of salt concentration on growth of V. cholerae. Growth was monitored spectophotometrically.
Growth occurred in all tubes containing only NaCl, although the lag period increased at the lower NaCl concentrations (Table 8 ). When 0.01 M NaCl was added, the lag period before detectable growth of V. cholerae occurred was between 24 and 48 h. As the NaCl concentration was increased to 0.025 M, the lag period decreased, with growth detected after incubation for 24 h at 25°C. Similarly, at all higher NaCl concentrations tested, growth occurred within 24 h. However, in tubes containing no added NaCl, no growth of V. cholerae was evident during the 14-day test period.
Cultures in which NaCl and KCI were present yielded results similar to those of cultures amended with NaCl alone (Table 8) . At higher NaCl and lower KCl concentrations, growth of V. cholerae occurred within 24 h. Only when the NaCl and KCI concentrations were reduced to 0.025 and 0.275 M, respectively, was the lag period extended. Cultures containing 0.30 M KCI and no added NaCl failed to demonstrate growth of V. cholerae.
When cultures were amended with a combination of NaCI and LiCl, the growth pattern of V. cholerae was also similar to that obtained when only NaCl was added (Tables 5 and 8 ). V. cholerae grew in all concentrations of LiCl test- (29) and remain viable until favorable growth conditions return. It is also possible that viable organisms simply do not grow on any of the plating media used without pretreatment of the sample, as has been previously suggested for V. cholerae (27) .
The influence of salinity on survival of V. cholerae in microcosms incubated at 10°C is unequivocal: it survived for up to 42 days at a salinity of 250/oo but not 50/00. In the latter case, the bacteria were not detected by culturing within 4 days of the start of incubation (Table 3) . In natural aquatic systems in which V. cholerae is known to be present, a seasonal distribution of this organism can be explained by "overwintering" in waters with a salinity range that is optimal for V. cholerae. In an estuary or area of brackish water, these requirements can easily be met.
Results of experiments designed to detect a requirement for Na+ by V. cholerae further support the hypothesis that the natural habitat of V. cholerae is estuarine or brackish (6) ( Tables 5  through 8 ). The requirement for Na+ could not be met by addition of K+ or Li', demonstrating a clear specificity of the requirement for Na+.
The requirement for Na+ demonstrated by many marine bacteria has been well established, notably by the elegant research of MacLeod and co-workers (12, (19) (20) (21) . The obligate requirement for Na+ is considered to be a differentiating characteristic useful in separating marine and estuarine bacteria from freshwater bacteria (19) . In a recent report on the effect of Na+ on growth patterns of a marine bacterium, Gow et al. (12) demonstrated that as the Na+ concentration was decreased to near the minimum required to support growth, the major influence observed on growth was an extended lag period before growth. Also, when no Na+ was added, no growth occurred.
In this study, V. cholerae was found to respond to various concentrations of NaCl in a manner similar to that of the marine bacterium, Alteromonas haloplanktis 216, studied by Gow et al. (12) . In a substrate containing 1% (wt/vol) glucose and 0.05% (wt/vol) yeast extract, the effects of specific ions on the growth of V. cholerae were tested, and, at the lower NaCl concentrations (i.e., <0.01 M), the time required before growth occurred increased (Table 8) Growth patterns obtained under conditions simulating those typical of estuarine and marine habitats indicate a preference of V. cholerae for moderate salinity, i.e., between 15 and 250/oo (between freshwater and seawater). Also, uptake of 14C-amino acids by V. cholerae under different salinity regimes and within a given temperature range demonstrates an unequivocal effect of salinity on the metabolic state of V. cholerae (Table 2 ). When uptake rates per culturable cell at 20 and 25°C were compared, greater uptake was observed at 5O/1o salinity.
Since the uptake rate per culturable cell at 50/00 salinity was greater than the uptake rates at 15 and 250/o. salinities, more substrate was required to be metabolized in systems of suboptimum salinity to maintain viability. Such conditions suggest a physiological stress on the cells (D. Kushner, personal communication).
An analysis of the respiration-to-incorporation ratios obtained at different ionic concentrations demonstrated that total salinity, as well as concentration of specific ions, could stress cells physiologically, as indicated by ratios greater than 1.0 (12; Kushner, personal communication; (Tables 4 through 7) .
Taking into account the salinity and tempera- (6) , an indigenous member of the bacterial community of estuarine systems, a conclusion evident not only from the requirement of Na+ for growth but also from the obvious preference of the organisms for a salinity typical of a brackish water estuary. Distribution of V. cholerae in the environment is not necessarily limited to estuaries, however, since the requirement for an optimum salinity can be satisfied by a sufficiently high nutrient concentration (27) . Epidemiological surveys for V. cholerae would be more effective if they were combined with laboratory-controlled microcosm studies, which would permit a more complete understanding of the role and function of V. cholerae in the natural environment.
